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Abstract
Purpose A new technique is demonstrated for extensive high-
resolution intra-operative atrial mapping that will facilitate the
localization of atrial fibrillation (AF) sources and identifica-
tion of the substrate perpetuating AF.
Methods Prior to the start of extra-corporal circulation, a 8×
24-electrode array (2-mm inter-electrode distance) is placed
subsequently on all the right and left epicardial atrial sites,
including Bachmann’s bundle, for recording of unipolar elec-
trograms during sinus rhythm and (induced) AF. AF is in-
duced by high-frequency pacing at the right atrial free wall.
A pacemaker wire stitched to the right atrium serves as a
reference signal. The indifferent pole is connected to a steal
wire fixed to subcutaneous tissue. Electrograms are recorded
by a computerized mapping system and, after amplification
(gain 1000), filtering (bandwidth 0.5–400 Hz), sampling
(1 kHz) and analogue to digital conversion (16 bits),
automatically stored on hard disk. During the mapping proce-
dure, real-time visualization secures electrogram quality.
Analysis will be performed offline.
Results This technique was performed in 168 patients of
18 years and older, with coronary and/or structural heart
disease, with or without AF, electively scheduled for
cardiac surgery and a ventricular ejection fraction above
40 %. The mean duration of the entire mapping proce-
dure including preparation time was 9 ± 2 min.
Complications related to the mapping procedure during
or after cardiac surgery were not observed.
Conclusions We introduce the first epicardial atrial map-
ping approach with a high resolution of ≥1728 record-
ing sites which can be performed in a procedure time of
only 9±2 mins. This mapping technique can potentially
identify areas responsible for initiation and persistence
of AF and hopefully can individualize both diagnosis
and therapy of AF.
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1 Introduction
Atrial fibrillation (AF) can be eliminated by ablation of
either the trigger or the substrate perpetuating AF. A
multi-site, high-resolution mapping approach of the entire
atria which can, beside localizing sources generating AF
in patients with trigger-driven AF, identify the substrate
responsible for perpetuation of AF would be desirable.
Such a mapping approach would allow individualization
of the diagnosis of AF and subsequently also of AF ther-
apy which is at present not available. In this report, we
introduce a novel high-resolution, multi-site epicardial
mapping technique of the entire atria as a routine proce-
dure during open chest surgery aiming for identification
of the arrhythmogenic substrate underlying AF.
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2 Material and methods
2.1 Surgical technique
Prior to commencement to extra-corporal circulation, after
heparinization and arterial cannulation, a temporary bipolar
epicardial pacemaker wire is stitched to the right atrial free
wall serving as a temporal reference electrode. The indifferent
electrode consists of a steal wire fixed to subcutaneous tissue
of the thoracic cavity (Fig. 1). Epicardial mapping during si-
nus rhythm and (induced) AF is performed with a custom-
made flexible 192-unipolar electrode mapping array, mounted
on a custom-made spatula if preferred by the surgeon. The
spatula can be bended to match the atrial curvature (Fig. 2).
If AF is not the presenting rhythm, AF is induced by fixed rate
pacing at the right atrial free wall using a different temporary
bipolar pacing wire. Recordings of real-time epicardial elec-
trograms from Bachmann’s bundle are used to confirm atrial
capture. Fixed rate pacing is started at a rate of 200 beats per
minute (bpm). If an AF induction attempt is not successful
after three burst attempts, the rate is increased by 50 bpm,
up to maximal 400 bpm until AF occurs or atrial refractoriness
is reached. After completion of the mapping procedure, AF is
terminated by electrical cardioversion or sustained until
cardioplegia is conducted, depending on the operators’ pref-
erence. In case of AF as the initial heart rhythm, electrical
cardioversion is performed in order to map sinus rhythm after
completing mapping of AF.
Mapping is sequentially conducted along several imagi-
nary lines between anatomical borders in order to cover the
entire right and left atria (Fig. 3). The mapping array is shifted
along these imaginary lines with a fixed orientation at each
position visually trying to avoid omission of areas at the ex-
pense of possible overlap between successive mapping sites.
Mapping of the right atrium starts at the cavotricuspid isthmus
continuing up to the right atrial appendage, perpendicular to
the caval veins. Bachmann’s bundle is mapped from the roof
of the left atrium towards the superior cavo-atrial junction. For
the left atrium, mapping is performed along the left atrioven-
tricular groove from the lower border of the left inferior
RA
RV
Fig. 1 A pacemaker wire stitched to the right atrial free wall serving as a
temporal reference electrode (top). A steal wire fixed to (sub)cutaneous
tissue serving as the indifferent electrode (bottom). RA right atrium, RV
right ventricle
46 mm
Ø 0.45 mm
2 mm
14 mm
100 ms
Fig. 2 Mapping array containing
192 unipolar electrodes (top left).
Examples of recorded
electrograms at proximal, middle
and distal electrodes of the array
(top right). Mapping array and the
identically shaped steel spatula
(bottom)
222 J Interv Card Electrophysiol (2015) 44:221–225
pulmonary vein towards the left atrial appendage and from the
sinus oblique fold along the border of respectively the right
and left pulmonary veins down to the atrioventricular groove.
Figure 4 shows the positions of the 192-electrode array along
these mapping lines. The mapping array is held in place
through either light manual pressure or by means of the spat-
ula. In case of the posterior area between the pulmonary veins,
pressure from the weight of the heart and underlying struc-
tures provides stability for the mapping array. This technique
was performed in 168 patients of 18 years and older, with
coronary and/or structural heart disease, with or without AF,
electively scheduled for cardiac surgery and a ventricular ejec-
tion fraction above 40 %. The mean duration of the entire
mapping procedure including preparation time was 9±
2 min. Complications related to the mapping procedure during
or after cardiac surgery were not observed.
2.2 Mapping technique
The mapping array consists of an electroless nickel im-
mersion gold (ENIG) plated electrode array, mounted on a
thin, flexible DuPont™ Pyralux® copper-clad (25-μm
thickness) polyimide laminate, and coverlay composite
(25 μm) film (0.18 mm), manufactured by GS Swiss
PCB AG, Küssnacht, Switzerland. Sterilization is per-
formed by the local sterilization unit before use in the
operation room. The sterilized array is connected to
3-meter-long, shielded flat cables delivered to the surgeon
in a sterile sack. The flat cables are connected to a
battery-driven, custom computerized mapping system
which is connected to a laptop computer. Custom-made
software visualizes real-time atrial electrograms recorded
at all 192 electrodes to secure atrial recordings with good
electrogram quality. Three channels are designated to dis-
play the surface ECG, reference signal and a calibration
signal of 1-mV amplitude and 1000-ms pulse width. Five
seconds of sinus rhythm and 10 s of AF are recorded at
every mapping site. All recordings are amplified (gain
1000), filtered (bandwidth 0.5–400 Hz), sampled
(1 kHz), analogue to digital converted (16 bits) and auto-
matically stored on hard disk as E01-files labelled with
the atrial rhythm, mapping site and patient identification
code. Analysis will be performed offline as previously
described [1].
3 Discussion
Previous AF mapping studies during surgery did not cover the
entire surface of both atria or used low-resolution arrays or
recordings of short durations [2, 3]. Our mapping approach is
Fig. 3 The electrode array placed between the pulmonary veins in the
oblique sinus (top) and on the right atrial wall (bottom) during recording
of epicardial electrograms
Left Atrium Right Atrium Bachmann’s 
Bundle
Fig. 4 Mapping scheme
demonstrating positions of the
192-electrode array on a 3D
model. The left and right atria are
covered by four positions each; to
reach Bachmann’s bundle, the
array is placed within the
transverse sinus between the aorta
and superior vena cava
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the first high-resolution, multi-site mapping approach. It con-
sists of a fixed mapping scheme with a 192-electrode mapping
array, which results in a minimum of 1728 recording sites. The
mapping array covers large areas of atrial tissue at each posi-
tion resulting in a short all-over procedure time of 9 min with-
out increasing cardiopulmonary bypass time. Unfortunately,
high-resolution multi-site mapping is not performed simulta-
neously as this is technically not yet possible. However, with
the reference signal from the right atrial free wall, we are able
to construct a timeline between the different recordings and
create an overall conduction map during sinus rhythm. This
map can also demonstrate the possible overlap between
recording sites. During AF, the reference signal obtains infor-
mation about the changes in AF cycle length in order to assess
the consistency of the arrhythmia. Previously, the indifferent
electrode was fixed to the sternum; however, electrogram
quality improved when the indifferent electrode was fixed to
subcutaneous tissue. Mapping studies were only performed in
patients undergoing elective cardiac surgery for the first time
as mapping is technically unfeasible with prior cardiac surgery
or pericardiocentesis due to pericardial scarring limiting ac-
cess to atrial sites.
An advantage of epicardial mapping is that some po-
tential arrhythmogenic structures such as Bachmann’s
Dominant Frequency Nr of Waves Nr of Focal Waves
Irregularity Conduction Velocity % Slow Conduction
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% Slow Conduction
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Fig. 5 Mapping of induced vs
long-standing persistent AF.
Intra-atrial variation in various
electrophysiological parameters
measured during 10 s of AF,
including dominant frequency
(blue <6 Hz, white 6–7 Hz, red
>7 Hz), number of fibrillation
waves (blue<2 /cm2/s, white
3–4 /cm2/s, red >3 /cm2/s), num-
ber of focal waves (blue <1 /cm2/s,
white 1–4 /cm2/s, red >4 /cm2/s),
irregularity (blue <20 ms, white
20–50 ms, red >50 ms), conduc-
tion velocity (blue ≥70 cm/s, white
51–69 cm/s, red ≤50 cm/s) and
incidence of slow conduction and
block (red >25 %, white 6–25 %,
blue ≤6 %). See text for further
description. aMapping of induced
AF in a patient with coronary
artery disease. bMapping of
long-standing persistent AF in a
patient with mitral valve
insufficiency
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bundle can only be reached from the epicardial site and
not from the endocardium. However, the interatrial sep-
tum cannot be mapped using a closed beating heart ap-
proach and the electrode array does not cover the myo-
cardial sleeves within the pulmonary veins. In recent map-
ping studies of AF [1, 4], we introduced a so-called
wavemapping technique to classify and quantify electro-
physiological properties of fibrillation waves. This unique
mapping approach makes it possible to study features of
AF both in the spatial domain, like focal fibrillation
waves or areas of conduction block, and the temporal
domain, like irregularity of fibrillation intervals.
As an example, intra-atrial variation of various electro-
physiological parameters, assessed during 10 s of induced
AF in a patient with coronary artery disease, is summa-
rized in Fig. 5a. Using specific cut-off values, every quad-
rant was depicted as blue (low), white (intermediate) or
red (high).
The dominant frequency was 6.1 Hz and ranged from 4.5
to 9.2 Hz. The number of fibrillation and epicardial focal
waves was on average respectively 2.3 and 2.1/cm2/s, varying
between 1.5 to 4.4 /cm2/s and 0.1 to 5.9 /cm2/s. The averaged
beat-to-beat irregularity was 35.0 ms and the averaged con-
duction velocity 72.2 cm/s; the degree of conduction delay
and block during AF varied from 4.1 to 26.9 % (on average
12.6 %).
In comparison, electrophysiological parameters quan-
tified during long-standing persistent AF in patient with
mitral valve disease are demonstrated in Fig. 5b. The
dominant frequency was 6.7 Hz (range, 4.7 to 7.8).
Compared to all quadrants in the patient with coronary
artery disease, the number of fibrillation and epicardial
focal waves was considerably higher (number of fibril-
lation waves, 3.5±1.3 /cm2/s (1.1–5.7), P<0.001; num-
ber of focal waves, 4.3 ± 3.2 /cm2/s (0.1–13.0),
P<0.001). The averaged beat-to-beat irregularity was
comparable (32.9 ms). Conduction velocity was on
average 63 cm/s (P<0.01), and the degree of conduction
delay and block varied from 0.4 to 45.4 % (on average
24.8 %, P<0.001). Hence, during long-standing persis-
tent AF, the number of fibrillation waves and incidence
of focal waves was higher and conduction abnormalities
occurred more frequently; the areas involved are shown
in the quadrant maps.
Therefore, this mapping technique can potentially identify
vulnerable areas responsible for initiation and persistence of AF
by localizing and quantifying the degree of electropathology in
the individual patient. Furthermore, by understanding the
electropathological substrate in AF patients and providing
individualized diagnoses, high-resolution mapping might be
able to direct current AF therapies more efficiently or may lead
to new insights for treatment strategies which could in turn
improve current treatment outcomes.
Acknowledgments Dr. NMS de Groot is supported by grants from the
Erasmus Medical Center fellowship, Dutch Heart Foundation
(2012T0046), Life Sciences and Health Impulse Grant (40-43100-98-
008), Coolsingel Foundation (No. 212) and Bayer and Boehringer
Ingelheim. We would like to thank all the participating cardiothoracic
surgeons and operation-assisting personnel of the Erasmus Medical Cen-
ter for their dedication in performing the mapping procedures.
Compliance with ethical standards
Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institu-
tional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.
The study is approved by the local medical ethics comittee, informed
consent is obtained from all individual participants included in the study.
Conflict of interest The authors declare that they have no competing
interests.
Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
References
1. Allessie, M. A., de Groot, N. M., Houben, R. P., Schotten, U.,
Boersma, E., Smeets, J. L., et al. (2010). Electropathological sub-
strate of long-standing persistent atrial fibrillation in patients with
structural heart disease: longitudinal dissociation. Circulation
Arrhythmia and Electrophysiology, 3(6), 606–615.
2. Sueda, T., Nagata, H., Shikata, H., Orihashi, K., Morita, S., Sueshiro,
M., et al. (1996). Simple left atrial procedure for chronic atrial fibril-
lation associated with mitral valve disease. The Annals of Thoracic
Surgery, 62(6), 1796–1800.
3. Nitta, T., Ishii, Y., Miyagi, Y., Ohmori, H., Sakamoto, S., & Tanaka,
S. (2004). Concurrent multiple left atrial focal activations with
fibrillatory conduction and right atrial focal or reentrant activation
as the mechanism in atrial fibrillation. The Journal of Thoracic and
Cardiovascular Surgery, 127(3), 770–778.
4. de Groot, N. M., Houben, R. P., Smeets, J. L., Boersma, E.,
Schotten, U., Schalij, M. J., et al. (2010). Electropathological
substrate of longstanding persistent atrial fibrillation in patients
with structural heart disease: epicardial breakthrough.
Circulation, 122(17), 1674–1682.
J Interv Card Electrophysiol (2015) 44:221–225 225
